Anaplerotic enzyme reactions are those which replenish tricarboxylic acid intermediates that are withdrawn for the synthesis of biomass. In this study, we examined recombinant protein production in Escherichia coli containing activity in an additional anaplerotic enzyme, pyruvate carboxylase. In batch fermentations, the presence of pyruvate carboxylase resulted in 68% greater production of the model protein, ␤-galactosidase, 41% greater cell yield, and 57% lower acetate concentration. We discuss why these results indicate that acetate concentration does not limit cell growth and protein synthesis, as predicted by other researchers, and suggest instead that the rate of acetate formation represents an inefficient consumption of glucose carbon, which is reduced by the presence of pyruvate carboxylase.
Escherichia coli is widely used for recombinant protein production, largely because it is well-characterized, fast and inexpensive to grow, and relatively easy to alter genetically (17, 18) . During the biochemical synthesis of proteins, production of nonessential metabolites can waste carbon and energy that might otherwise be directed toward the protein product. A prominent example of an apparently nonessential metabolite that accumulates during aerobic growth of E. coli on glucose is acetate. Enzymatically synthesized from acetyl coenzyme A (acetyl-CoA) in two steps-phosphotransacetylase (pta gene) converts acetyl-CoA to the intermediate acetyl phosphate, which is then converted to acetate with the generation of ATP by acetate kinase (ack)-acetate is also widely considered inhibitory to growth and protein production. Studies indicate that the concentration at which acetate significantly reduces cell growth rate lies in the range of 3 to 5 g/liter (3, 9, 26, 31) . Although the detailed mechanism remains unknown, this byproduct is generally thought to accumulate in E. coli fermentations as a result of the tricarboxylic acid (TCA) cycle not keeping pace with glycolysis (1, 24, 28, 36) . In other words, acetate accumulates as a result of insufficient oxaloacetate being present in the first step of the TCA cycle, the conversion of oxaloacetate and acetyl-CoA to citrate via citrate synthase.
Approaches for increasing cell density or protein yield in E. coli often focus on the reduction of acetate formation, and a variety of methods have been studied. The production of acetate can be blocked altogether, for example, by mutations in the pta and/or ack genes (10, 12, 30, 35) . Alternatively, acetate accumulation can be reduced by redirecting this biochemical or its precursors to other benign biochemicals. For example, pyruvate can be converted to acetoin by acetolactate synthase (3, 4) . Other methods include the following: altering glucose uptake (9), using carbon sources other than glucose (5), controlling feeding rates to better synchronize the TCA cycle and glycolysis (15, 26-29, 31, 36-38) , or supplementing amino acids to reduce the demand for biosynthetic precursors (11, 34) . Unfortunately, many of these strategies reduce the glucose uptake rate, which can simultaneously reduce the rate of protein production.
As noted above, recombinant protein production is believed to diminish flow in the TCA cycle through the withdrawal of the intermediates that serve as precursor biochemicals. Indeed, 10 amino acids are biochemically derived from TCA cycle intermediates: aspartate, asparagine, methionine, threonine, isoleucine, and lysine are derived from oxaloacetate, while glutamate, arginine, proline, and glutamine are derived from ␣-ketoglutarate. The additional metabolic burden resulting from recombinant protein production would likely further diminish the availability of oxaloacetate, which could lead to additional acetate formation from acetyl-CoA. If withdrawal of TCA cycle intermediates limits cell growth and protein production and consequently increases acetate accumulation, then providing cells with improved metabolic means to replenish these TCA cycle intermediates should represent an approach to increase protein production.
Anaplerotic biochemical pathways are the enzymatic reactions that replenish TCA cycle intermediates. In E. coli, the principal anaplerotic pathway during growth on glucose is the formation of oxaloacetate from phosphoenolpyruvate (PEP) by PEP carboxylase, and this single conduit must supply carbon for the 10 amino acids and other cellular building blocks derived from TCA cycle intermediates. A previous study showed that overexpression of PEP carboxylase in E. coli resulted in 17% higher specific growth rate and 44% lower specific acetate production compared to those of isogenic controls (16) . Since PEP is required for the PEP phosphotransferase system, the initial step in glucose consumption, overexpressing PEP carboxylase unfortunately also diminishes glucose uptake. In aerobically grown E. coli, Chao and Liao (8) showed a 30% decrease in the glucose uptake rate as a result of overexpression of PEP carboxylase. Similarly, Gokarn et al. (21) found a 14% reduction in the anaerobic glucose consumption rate in a strain overexpressing PEP carboxylase.
Another anaplerotic pathway present in some prokaryotes but not in E. coli is the biotin-dependent enzyme pyruvate carboxylase, which converts pyruvate directly to oxaloacetate (6) . Previous studies on the expression of Rhizobium etli pyruvate carboxylase in E. coli focused on anaerobic growth and fermentation (20, 21) . A detailed analysis (21) of E. coli strains which either lacked or overproduced several levels of PEP carboxylase and pyruvate carboxylase demonstrated that the specific rate of glucose consumption was 34% greater in E. coli ppc mutants with low pyruvate carboxylase activity (0.03 U/mg) than in E. coli (without pyc) with heightened PEP carboxylase activity (1.25 U/mg). Another possible benefit of pyruvate carboxylase in recombinant protein production is that it redirects carbon from pyruvate, the immediate metabolic precursor of acetyl-CoA, and thus could potentially reduce acetate formation.
To improve our understanding of recombinant protein synthesis in E. coli, we analyzed the production of a model recombinant protein, ␤-galactosidase, in response to the additional anaplerotic pathway afforded by pyruvate carboxylase.
MATERIALS AND METHODS

Strains and plasmids. E. coli MG1655 (CGSC6300, wild type
Ϫ ) was the host strain used in this study (23) . Table 1 shows the plasmids used in this study. ␤-Galactosidase encoded by the lacZ gene (19) was expressed via the plasmid pACYC184-lacZ, while pyruvate carboxylase encoded by the pyc gene from R. etli (13) was expressed via the plasmid pTrc99A-pyc (22) . Because both the pTrc99A-pyc and pACYC184-lacZ expression plasmids utilize the lacPO, isopropyl-␤-thiogalactopyranoside (IPTG) was added to cultures of E. coli MG1655/pACYC184-lacZ/pTrc99A and MG1655/pACYC184-lacZ/pTrc99A-pyc to induce protein production.
Initially, the lacZ gene was cloned into the pTrc99A expression vector. To construct pTrc99A-lacZ, primers 5Ј TAT CAT GGA TCC AGG AAA CAG CTA TGA CCA TGA TTA CGG ATT CAC TG 3Ј and 5Ј TAC ATA CTC GAG CAG GAA AGC TTG GCC TGC CCG GTT ATT ATT ATT TT 3Ј were used to PCR amplify a 3,138-bp fragment from the pTer7 plasmid (restriction enzyme sites are indicated with a double underline, while the regions of homology to lacZ are indicated with a single underline). The resulting fragment was gel isolated, digested with BamHI and HindIII, and then ligated into the pTrc99A vector which had been digested with the same two restriction enzymes. To construct pACYC184-lacZ, a 3,504-bp fragment from pTrc99A-lacZ that contained the lacZ gene and the trc promoter was ligated to a 3,178-bp fragment from pACYC184 that contained the cat gene and the origin of replication (ori). The 3,504-bp lacZ fragment was prepared by digesting pTrc99A-lacZ with NarI and HindII and then filling in with Klenow, while the 3,178-bp fragment containing cat and ori was prepared by digesting pACYC184 with HincII. A clone was then selected which transcribed lacZ in the clockwise direction with respect to pA-CYC184.
Media and growth conditions. Several colonies were used to inoculate 1 ml of Luria-Bertani (LB) broth with 100 mg of ampicillin per liter to keep selective pressure on the pTrc99A plasmids and with 20 mg of chloramphenicol per liter to keep selective pressure on the pACYC184-lacZ plasmid. Such inocula were incubated with agitation at 37°C for approximately 6 h before transferring the contents to 100 ml of preculture media in 500-ml shaking flasks. Preculture media modified from Horn et al. (25) SO 4 , and cultures were induced with 1.0 mM IPTG when the optical density was approximately 1.5. Fermentations were completed in triplicate, and statistical analyses were completed using Student's t test, with a P of Ͻ0.10 considered the criterion for statistical significance.
Analytical methods. During fermentation, samples were withdrawn and stored at Ϫ20°C for subsequent analysis. Cell growth was monitored by measuring optical density at 550 nm (OD 550 ) (DU-650 spectrophotometer; Beckman Instruments, San Jose, Calif.), and this measurement was correlated with dry cell mass concentration. Glucose and acetate were analyzed by high-pressure liquid chromatography as previously described (14) using a Coregel 64-H ion-exclusion column (Interactive Chromatography, San Jose, Calif.). Carbon dioxide and oxygen were measured continuously in the fermentation off-gas (Ultramat 23 gas analyzer; Siemens, Munich, Germany).
Enzyme assays. Aliquots (1.5 ml) of the samples were thawed and centrifuged (6,000 ϫ g for 20 min). The cells were washed and resuspended in 1.0 M Tris buffer (pH 8.0), ruptured with a French pressure cell (850 lb/in 2 ), and centrifuged (25,000 ϫ g for 20 min at 4°C). The cell extract was analyzed for pyruvate carboxylase by the method of Payne and Morris (33) . One unit of pyruvate carboxylase activity converts 1 mol of pyruvate per min to oxaloacetate at 30°C and pH 8. For ␤-galactosidase activity, aliquots (1.5 ml) were thawed and diluted to an OD 550 of 0.1 with LB broth. Diluted samples were analyzed for ␤-galactosidase activity by the protocol of Pardee et al. (32) . One unit of ␤-galactosidase activity produced 1 nmol of o-nitrophenol per min at 30°C and pH 7. For cellular protein content, samples were thawed and centrifuged (6,000 ϫ g for 20 min at 4°C). Samples were disrupted with Bper II Bacterial Protein Extraction Reagent (Pierce, Rockville, Ill.), and the total cellular protein content was determined using a BCA Protein Assay Kit (Pierce).
RESULTS
We compared the production of recombinant ␤-galactosidase and acetate during aerobic batch fermentations of E. coli MG1655 with and without pyruvate carboxylase activity. Figure  1 shows typical fermentation results for E. coli MG1655/ pACYC184-lacZ/pTrc99A, while Fig. 2 shows fermentation results for MG1655/pACYC184-lacZ/pTrc99A-pyc. In the absence of pyruvate carboxylase for E. coli MG1655/ pACYC184-lacZ/pTrc99A, 25 g of glucose per liter was consumed within 14 to 15 h, yielding a cell mass concentration of about 6 g/liter. During these fermentations, acetate accumulated to about 2 to 3 g/liter, with the volumetric rate of acetate formation visibly increasing during the last 3 to 4 h of the fermentations. ␤-Galactosidase concentration (i.e., volumetric activity) increased in concert with cell mass during the first 9 to 11 h of the fermentations. However, the concentration of ␤-galactosidase consistently remained constant or decreased slightly during the last 3 to 4 h of the fermentations, even In the presence of pyruvate carboxylase for E. coli MG1655/ pACYC184-lacZ/pTrc99A-pyc (Fig. 2) , the 25 g of glucose per liter was consumed in 16 to 19 h, yielding a cell mass concentration of about 8 g/liter. During fermentation, acetate accumulated to about 1.0 to 1.5 g/liter. Moreover, the volumetric rate of acetate production was approximately constant during these fermentations. ␤-Galactosidase concentration increased in concert with cell mass; therefore, the ultimate protein concentration was substantially greater than that observed in the fermentations for E. coli MG1655/pACYC184-lacZ/pTrc99A lacking pyruvate carboxylase. Interestingly, the rate of glucose consumption was similar during the first 10 to 11 h of fermentations using E. coliMG1655/pACYC184-lacZ/pTrc99A and MG1655/pACYC184-lacZ/pTrc99A-pyc. However, during the final 4 to 5 h, the rate of glucose consumption consistently slowed in E. coli MG1655/pACYC184-lacZ/pTrc99A-pyc fermentations. The specific activity of pyruvate carboxylase increased during the three fermentations from about 0.15 U/mg at 6 h to 0.4 U/mg at the time glucose was depleted. Table 2 summarizes the key statistical comparisons of fermentations using E. coli MG1655/pACYC184-lacZ/pTrc99A and MG1655/pACYC184-lacZ/pTrc99A-pyc. We observed 68% greater ␤-galactosidase activity, 41% greater cell yield, and 57% less acetate concentration in recombinant E. coli fermentations containing pyruvate carboxylase activity. The results of these batch fermentations suggested that differences between E. coli with and without pyruvate carboxylase activity occurred in the rate parameters during the mid-log phase and late log phase of the fermentations. We therefore calculated several specific rate parameters for each of these two phases (Table 3) . For all samples, mid-log phase was regarded as the time interval when the dry cell mass increased from 2.0 to 3.0 g/liter (commonly about 7 to 9 h). The late log phase was regarded as the time interval when the glucose concentration decreased from 10 g/liter to about 1 g/liter (approximately 12 to 14 h for E. coli MG1655/pACYC184-lacZ/pTrc99A and 15 to 16 h for MG1655/pACYC184-lacZ/pTrc99A-pyc). For each calculation, three to five samples were used. There was no significant difference between E. coli MG1655/pACYC184-lacZ/pTrc99A and MG1655/pACYC184-lacZ/pTrc99A-pyc in any of the parameters during the mid-log phase. However, during the late-log phase fermentations with E. coli MG1655/ pACYC184-lacZ/pTrc99A-pyc, we observed 37% lower specific glucose consumption and 48% lower specific acetate formation than those during the analogous phase with MG1655/ pACYC184-lacZ/pTrc99A. Moreover, in the late log phase, E. coli MG1655/pACYC184-lacZ/pTrc99A-pyc remained a significant producer of ␤-galactosidase with a specific production rate of 2.1 kilounits/g/h in contrast to MG1655/pACYC184-lacZ/pTrc99A. Although not significant at the 90% level, the respiratory quotient was generally greater for E. coli MG1655/ pACYC184-lacZ/pTrc99A-pyc regardless of the growth phase, a result which is surprising because due to the presence of pyruvate carboxylase, these organisms have an additional means of carbon dioxide consumption.
DISCUSSION
In this study, production of the recombinant protein ␤-galactosidase was analyzed in E. coli which had been provided an additional anaplerotic pathway via the enzyme pyruvate car- boxylase. In comparison to E. coli MG1655/pACYC184-lacZ/ pTrc99A without pyruvate carboxylase activity, MG1655/ pACYC184-lacZ/pTrc99A-pyc containing pyruvate carboxylase activity yielded significantly more cell mass and ␤-galactosidase, while generating less acetate. Thus, this work has demonstrated that an additional anaplerotic pathway benefits ␤-galactosidase production in aerobically grown cultures of E. coli. However, this study also suggests some subtle effects occurring in the production of ␤-galactosidase. Although acetate is considered inhibitory to growth and protein production, the inhibitory effects are thought to occur in the range of 3 to 5 g of acetate per liter (3, 31). We did not observe a decrease in cell growth rate as a result of the presence of acetate, and indeed, the acetate concentration was always less than 3 g/liter. Thus, acetate concentration, per se, does not appear to account for the increase in final protein concentration in the strain having pyruvate carboxylase activity.
Additional information was gleaned by considering specific production and consumption rates in the strains during the mid-log phase compared to the rates of strains in late log phase. Although no differences between the strains were observed in mid-log phase, the presence of pyruvate carboxylase greatly slowed both the specific glucose consumption rate and the specific acetate production rate in the late log phase. Together with the substantially greater cell mass yield in the strain with pyruvate carboxylase, the results suggest that pyruvate carboxylase allows the cell to use carbon more efficiently, in fact prolonging cell growth late in the growth phase. This result is consistent with approaches used by many others to slow glycolysis and in so doing generate fewer by-products (15, 26-29, 31, 36-38) . In this case of using pyruvate carboxylase, the advantage appears to be that glucose is more effectively directed toward biomass and protein formation and away from acetate formation.
An important consideration is the carbon equivalence between acetate and the recombinant protein. On the basis of mass/activity of purified ␤-galactosidase, we calculated that there is enough carbon in 1 mg of acetate for approximately 9.7 kilounits of ␤-galactosidase activity. Thus, the significant difference observed in ␤-galactosidase activity between E. coli MG1655/pACYC184-lacZ/pTrc99A and MG1655/pACYC184-lacZ/pTrc99A-pyc fermentations can be accounted for by less than 5 mg of acetate per liter. The conclusion from this calculation is that only a small redirection of the quantity of carbon flowing to acetate to protein synthesis could substantially increase the ultimate yield of ␤-galactosidase. a For all samples, mid-log phase is regarded as that time interval when the dry cell mass increases from 2.0 to 3.0 g/liter and late log phase is regarded as that time interval when the glucose concentration decreases from 10 to 0 g/liter.
b , growth rate; q glucose , specific consumption rate; q acetate , specific production rate; q CO 2 , specific production rate; q oxygen , specific consumption rate; RQ, respiratory quotient; q ␤-Gal , specific production rate of ␤-galactosidase. Values in a column followed by different letters were statistically significantly different at the 90% confidence level. 
